The role of net positive oxide trapped charge and surface recombination velocity on excess base current in BJTs is identified. The effects of the two types of damage can be detected by plotting the excess base current versus base-emitter voltage. Differences and similarities between ionizing-radiation-induced and hot electron-induced degradation are discussed.
Introduction
The current gain ZdZB of bipolar transistors is degraded when the oxide over the emitter-base junction is damaged. This can occur when the emitter-base junction is reverse-biased [ 11, as it is in normal BiCMOS circuit operation [2] , or when the device is exposed to ionizing radiation [3 -51. The damage typically leads to excess base current in the device, AZB, and no change in the collector current. Until now, authors have assumed that AZB is caused primarily by interface states created during the stress [6 -91. The effects of net trapped positive charge, N,,, have not been considered. Thus, the effects of N,,on the current gain of the device have not been identified.
In this work, the separate effects of Nox and surface recombination centers on the current gain of BJTs are identified. It is shown that ionizing radiation causes a large increase in net positive oxide charge and a relatively small increase in surface recombination velocity. Hot electron stressing, on the other hand, causes a relatively small increase in net positive oxide charge and a large increase in surface recombination velocity. Since the current gain depends on the product of the two stressinduced defects, both types of stress can lead to qualitatively similar changes in the current gain of the device.
11.
Experimental Details The devices studied in this work are oxide-isolated polysilicon emitter bipolar transistors fabricated in a complementary bipolar process closely related to that described in ref. [lo] . A representative cross-section of the devices is shown in figure 1 . Relevant structural information is summarized in table 1. The devices were irradiated with 10 keV x-rays at a dose rate of 1. 
Analysis
The common-emitter current gain, Z&ZB, is plotted versus baseemitter voltage, VBE, in figure 2 for increasing values of stress. Figure 2a shows the current gain for increasing values of total ionizing dose, while figure 2b shows the current gain for increasing values of hot electron stress time. The current gain degrades substantially for both types of stress, and the degradation is most severe at lower values of VBE Note that the current gain degradation tends to saturate for large values of total ionizing dose, but shows no tendency to saturate for large stress times. The trend, however, is qualitatively similar for both types of stress. The collector current remains approximately constant throughout both radiation and hot electron stressing. The current gain degrades because the base current increases. The dependence of AZB on surface recombination velocity is easily seen in equation (2) In figure 5 , oxide charge calculated from the transition voltages is plotted versus total ionizing dose. Oxide-trapped charge, Nor measured from MOS capacitors and surface recombination velocity measured from gated diodes from the same process is also plotted for comparison. It is seen that ionizing radiation causes a large amount of positive charge and relatively small increases in surface recombination velocity.
In figure 6 , AZB is plotted versus VBE for several values of increasing stress time. The ideality factor is roughtly two for all stress times, and no transition voltage can be determined for any stress level. This indicates that the maximum recombination rate is at the surface for all values of forward voltage, and thus that the oxide charge remains small for all stress times. This is the assumptionmade by several authors, but until now, no direct evidence of this was available.
Additional evidence for the existence of distinctly different defects for each type of stress is shown in figure 7 , where the normalized peak current gain is plotted versus AIBo. If the magnitudes of the stress-induced defects were the same for both types of stress, these curves wouldlie on top of one another. The difference is a result of the large amounts of positive oxide charge induced in the oxide by the radiation stress. The curves merge for large intercept currents because the ideality factors for both types of stress are approximately two.
IV. Summary and Conclusions
For hot electron stressing, the positive oxide charge remains small for all stress levels, indicating that the increase in base current is due primarily to increased surface recombination velocity. For radiation stressing, however, the increase in base current is due to both increased surface recombination velocity and increased positive oxide charge. The two types of stress lead to qualitatively similar changes in current gain because the effects of surface recombination velocity and positive oxide charge are multiplicative.
The separate contributions of net positive charge and surface recombination centers are detected by plotting the excess base current as a function of forward-bias base emitter voltage. By graphically finding the transition from a diode ideality factor of two to an ideality factor less than two, the amount of oxide charge can obtained. The presence of oxide charge can also be detected by plotting the normalized peak current gain against the extrapolated intercept of the excess base current for both types of stress.
Despite the fact the radiation and hot electron stressing produce qualitatively similar changes in current gain, the magnitudes of stress-induced defects for each type of stress differ considerably. These differences must be taken into account when designing stress-tolerant processes and correlating hot electron and radiation stress results.
